Xanthomonas vesicatoria and Xanthomonas axonopodis pv. vesicatoria, causal agents for bacterial spot of tomatoes and peppers, are difficult to distinguish from other xanthomonads found on field-grown plants. A genomic subtraction technique with subtracter DNA from nonpathogenic epiphytic xanthomonads was used to enrich for sequences that could serve as diagnostic probes for these pathogens. A 1.75-kb PstI-NotI fragment (KK1750) that preferentially hybridized to X. vesicatoria DNA and X. axonopodis pv. vesicatoria DNA was identified and cloned into pBluescriptII KS؉. It hybridized to 46 (89%) of the 52 geographically diverse bacterial spot-causing xanthomonad (bsx) strains included in this study. The six probe-negative strains were genotypically and pathologically distinct from the other bsx strains studied. Two of these strains, DC91-1 and DC91-2, resembled X. campestris pv. raphani in that they also infected radish plants. X. vesicatoria strains gave stronger hybridization signals than did most X. axonopodis pv. vesicatoria strains. In a survey of 110 non-bsx plantassociated bacteria, including 44 nonvesicatoria phytopathogenic xanthomonads and 43 epiphytic xanthomonad strains, only 8 were probe positive, but the responses were weak. Further testing revealed that one of these strains was actually a tomato pathogen. Pulsed-field gel electrophoresis and Southern blot analysis of 46 bsx strains indicated that KK1750 sequences could be either plasmid-borne (10.9%), chromosome-borne (43.4%), or present on both replicons (45.7%). KK1750, unique in its ability to hybridize to both X. axonopodis pv. vesicatoria and X. vesicatoria strains, should facilitate disease diagnosis for these important plant pathogens.
Bacterial spot, caused by Xanthomonas axonopodis pv. vesicatoria and Xanthomonas vesicatoria (51) , corresponding to groups A and B (3, 49) of the former taxon X. campestris pv. vesicatoria (Doidge) Dye, respectively, is an economically important disease of peppers (Capsicum annuum L.) and tomatoes (Lycopersicon esculentum Mill) (22, 45, 47) . The primary symptoms are necrotic lesions that occur on leaves, stems, fruits, and flower parts (48) . When disease conditions are optimal, affected plants defoliate, lose blossoms, and produce severely spotted and hence unsalable fruits. Bacterial spotresistant varieties are not currently available. Disease management strategies include the routine application of bactericide, crop rotation, good field sanitation, and the use of disease-free seed and transplant seedlings.
Disease diagnosis and pathogen identification by traditional methods, which involve isolating the pathogen on semiselective medium and then characterizing it by pathogenicity and selected biochemical tests, are dependable but labor-intensive and time-consuming (17, 25, 33, 41, 42, 46) . The process is further complicated by the frequent occurrence on tomato and pepper plants of epiphytic xanthomonads (Xe) that closely resemble bacterial spot-causing xanthomonads (bsx) but are nonpathogenic (18) . Monoclonal and polyclonal antibodies have also previously been used to identify bacterial spot pathogens with variable results (2, 5, 36, 37) . Polyclonal antibodies raised against bsx strains cross-react with other xanthomonad strains (5) . Moreover, since bsx strains are so genotypically and phenotypically diverse (3, 40, 49) , a single antibody that specifically reacts with all strains has not been obtained.
Nucleic acid-based detection methods have shown more promise. Leite et al. (29) developed a method of DNA amplification with oligonucleotide primers specific for the hrp (hypersensitivity and pathogenicity) gene cluster of vesicatoria strains, followed by restriction enzyme analysis of the amplified product. Recently, Louws et al. (31, 32) have shown that repetitive extragenic palindromic-PCR genomic fingerprinting can be used not only to identify bsx strains but also to differentiate X. axonopodis pv. vesicatoria from X. vesicatoria. Although PCR-based methods have high analytical sensitivities, they may not always provide the best means for diagnosing disease or tracking a pathogen in the environment. The presence of amplification inhibitors in environmental samples, including plant materials, requires that bacteria or bacterial DNA undergo a series of purification steps, some of which may actually decrease the specificity of the method (19) . Furthermore, amplification methods that target stable nucleic acids may not discriminate between dead and viable microorganisms and thus may not accurately indicate the presence of an active infection. Detection methods based on DNA probes are not as susceptible to interference by substances in plant specimens and have comparably rapid turnaround times. Because probe detection limits are substantially higher than those of PCR, they also are less likely to give a false-positive diagnosis due to the presence of small amounts of DNA or nonviable cells (11) . Although DNA probes specific for other phytopathogenic xanthomonads have previously been reported (16, 20) , no DNA fragment confined to and conserved among all bsx strains has been found. One approach that has been used to identify diagnostic probes is to screen genomic libraries for sequences unique to the target bacterium. This laborious process can be circumvented by a technique called genomic subtraction (50) , which has previously been used to identify DNA probes for Ralstonia solanacearum (44) , Ralstonia solanacearum race 3 (6) , and Erwinia carotovora subsp. atroseptica (10) . In this technique, an excess of sheared and denatured sub-tracter DNA is allowed to reassociate with enzyme-restricted and denatured DNA from the target bacterium. Nonspecific target sequences hybridize with complementary sequences of the subtracter DNA, leaving the preparation enriched for sequences unique to the target (probe) strain. The enriched sequences are cloned (44) and amplified by PCR (50) or used directly as probes in Southern blot assays to evaluate their potential as diagnostic probes (6) . In the present study, we used this technique with subtracter DNAs from several nonpathogenic Xe strains to enrich for sequences potentially unique to bsx strains. We identified a plasmid-borne 1.75-kb PstI-NotI DNA fragment that did not hybridize with DNAs from nonpathogenic xanthomonads and tested its ability to serve as a diagnostic probe for bacterial spot pathogens.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . 3 All Xanthomonas, Pseudomonas, Clavibacter, and Erwinia strains were routinely grown at 25°C either on nutrient broth-yeast extract or King's medium B as previously described (7) . Escherichia coli TB1 (pIG102), E. coli ED8767 (pIJ3225), and E. coli HB101 (pREST3) were grown at 37°C on Luria-Bertani (LB) medium (39) containing 12.5 g of tetracycline per ml. Streptococcus agalactiae 786 was grown on LB medium. E. coli DH5␣, harboring recombinant DNA, was grown on LB medium supplemented with ampicillin (100 g/ml).
Isolation of xanthomonads from infected plants. Tomato and pepper leaves and fruits with bacterial spot-like lesions were collected from various fields and greenhouses in southwestern Ontario. Necrotic leaf or fruit tissue (ca. 0.25 cm 2 ) was excised and macerated in a drop of sterile distilled water on a sterile microscope slide. A loopful of the suspension was streaked on Tween medium A (33) and incubated for 3 days at 25°C.
Plant pathogenicity tests. Bacteria were tested for pathogenicity on 2-weekold tomato (L. esculentum Mill cv. Bonny Best) and 5-week-old pepper (C. annuum L. cv. Early Niagara Giant) plants by a method described previously (7) . Some strains were also tested for pathogenicity on 6-week-old radish (Raphanus sativus L. cv. Early Globe) and cabbage (Brassica oleracea cv. Golden Acre and Hybrid SSY) seedlings. Bacterial spot symptoms usually appeared within 7 to 14 days.
Characterization of presumptive xanthomonads. Bacteria were tested for fermentative-oxidative catabolism as well as oxidase and catalase production by procedures described previously (12, 35, 41) . E. coli HB101 grown on LB agar and Pseudomonas syringae pv. maculicola 1820 were used as fermentative and oxidative reference strains, respectively. Uninoculated sterile oxidation-fermentation medium supplemented with 1% glucose and glucose-free medium inoculated with a known xanthomonad (XV72) were also included as controls.
Bacterial pigment analysis. Extraction and chromatography of bacterial pigments were performed by the methods of Schaad and Stall (43) . Four known xanthomonad strains, XV21, XV34, XV72, and XV79, and Clavibacter michiganense subsp. michiganense JD83-1 were used as positive and negative controls for xanthomonadin production, respectively. The R f values were calculated by using the D p /D s ratio, where D p and D s are the distances traveled by the pigment and solvent, respectively. The R f values of xanthomonadin pigments range from 0.41 to 0.49 (43) .
Isolation and manipulation of DNA. The procedures used for the isolation and purification of genomic and plasmid DNAs by CsCl density gradient centrifugation have previously been described (7, 9) . Rapid isolation of plasmid DNA was performed either with a plasmid/cosmid purification kit (Qiagen Inc., Chatsworth, Calif.) or by the alkaline lysis method of Kado and Liu (23) . Horizontal gel electrophoresis, DNA restriction digests, ligation reactions, and transformations were performed by standard procedures (39) . When DNA bands were excised from agarose gels, the residual agarose was removed by digesting with agarase (Boehringer Mannheim Biochemicals, Laval, Quebec) under conditions recommended by the manufacturer.
Hybridization procedures. The procedures used for the preparation of colony blots, dot blots, lesion dot blots (9) , and Southern blots (39) were described previously. For the preparation of dot blots, 5 ϫ 10 5 CFU of the test strain was deposited on the surface of a Hybond N nylon membrane by applying a vacuum to a Milliblot apparatus (Millipore Corporation, Bedford, Mass.). Bacteria were lysed, and the liberated DNA was cross-linked to the membrane with a UV cross-linker (model CL-1000; UVP Inc., Upland, Calif.) in the Genius system (Boehringer Mannheim Biochemicals) as instructed by the manufacturer. Cell debris was removed by incubating the membrane in a solution containing 2ϫ SSC (1ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate), 0.5% sodium dodecyl sulfate, and 1 g of proteinase K per ml with gentle shaking for 2 h at 60°C.
DNA fragments were random prime labeled with digoxigenin (DIG)-11-dUTP (Boehringer Mannheim Biochemicals) and hybridized to immobilized DNA in standard hybridization buffer containing 50% formamide (15 ng of denatured probe/ml). Hybridized probes were detected with the chemiluminescent substrate disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro)tricyclo [3.3.1.1 3, 7 ]decan}-4-yl)phenyl phosphate (Tropix Inc., Bedford, Mass.) according to the specifications of the manufacturer.
Genomic subtraction. Genomic subtraction of total DNA from bsx strain DC93-1 was performed by a method described previously (6) with minor modifications. A total of 75 g of subtracter DNA from Xe strains was digested with PstI and purified by using the QIAEX desalting and concentration protocol (Qiagen Inc.). DNA was heat denatured and combined with 75 ng of PstI-cut, DIG-labeled, and denatured DC93-1 genomic DNA. The combined DNAs were allowed to hybridize in 600 l of hybridization buffer containing 250 mM Na 2 HPO 4 (pH 7.2), 1 mM EDTA (pH 8.0), 7% sodium dodecyl sulfate, and 50% formamide for 24 h at 42°C. After that time, the preparation was used as a hybridization probe for a Southern blot containing PstI-digested genomic DNAs from the subtracter and probe strains.
PFGE. Agarose plugs containing xanthomonad genomic DNA were prepared by the method of Cuppels and Ainsworth (8) . The plugs were subjected to pulsed-field gel electrophoresis (PFGE) in 1ϫ TAFE buffer (10 mM Tris, 0.5 mM EDTA, 15 mM glacial acetic acid in deionized distilled water) for 2 h at 250 mA and 10°C with a pulse time of 3 s and then for 20 h at 175 mA and 10°C with a pulse time of 25 s on a Geneline transverse alternating-field electrophoresis apparatus (Beckman Instruments, Palo Alto, Calif.). Gels were stained with ethidium bromide and photographed by standard procedures (39) .
Restriction fragment length polymorphism (RFLP) analysis. Immobilized EcoRI-or BamHI-digested genomic DNA (2.5 g per lane) from 29 bsx strains was hybridized with one of the following DIG-labeled probes: a 24.5-kb EcoRI-HindIII DNA fragment encoding the xanthomonadin gene cluster of X. campestris pv. campestris B-24 (probe A) (38), a 17-kb EcoRI fragment from the hrp gene cluster of X. campestris pv. campestris 8004 (probe B) (1), and a 6-kb EcoRI-HindIII fragment (probe C) derived from pREST3, a clone from the pLAFR3 genomic library of X. axonopodis pv. vesicatoria 75-3 (J. Minsavage, University of Florida).
Genetic diversity between strains was estimated essentially as described previously (14) except that comparisons between weak and strong hybridization signals and the relative positions of bands were made visually. A signal was considered weak when it was one-fifth or less the intensity of the strongest signal on the gel. Data obtained from hybridizations with probes B and C were combined for analysis. Similarity coefficients (expressed as percentages) for all pairwise combinations of strains were calculated by using the equation S ϭ (N xy ϩ N yx ) [100/(N x ϩ N y )], where N x and N y are the numbers of major fragments in strains X and Y, respectively, N xy is the number of major fragments in strain X that match any fragment in strain Y, and N yx is the number of major fragments in strain Y that match any fragment in strain X. This calculation grants double weight to strongly hybridizing bands and single weight to weaker ones.
RESULTS

Characterization of xanthomonads isolated from tomato and pepper plants.
Sixty strains of yellow-pigmented bacteria that were isolated from bacterial spot-like lesions on tomato and pepper plants from various fields and greenhouses in southwestern Ontario were indistinguishable from known X. axonopodis pv. vesicatoria strains (XV21, XV34, XV72, and XV79) on Tween medium A. Twenty-six randomly selected strains were further characterized by a number of standard bacteriological tests. They were catalase-positive and oxidase-negative and produced acid from glucose only under aerobic conditions. They all produced yellow, water-insoluble pigments with R f values of 0.42 to 0.48. Such R f values are characteristic of xanthomonadin pigments (18) . When they were tested in a dot blot hybridization assay with the DIG-labeled 24.5-kb xanthomonadin-encoding gene cluster of X. campestris pv. campestris B-24 (38) as the probe, DNAs from all 60 presumed xanthomonads, as well as from the reference strain X. campestris pv. campestris 898, gave positive reactions. DNA from Clavibacter michiganense subsp. michiganense JD83-1, which produced a yellow pigment with an R f value of 0.83, did not hybridize to the probe. The only yellow-pigmented bacteria known to hybridize to this probe are xanthomonads (38) . Seventeen of the 60 Ontario strains (Table 1) were pathogenic on tomatoes (L. esculentum Mill cv. Bonny Best) and/or peppers (C. annuum L. cv. Early Niagara Giant). Typical bacterial spot symptoms appeared 7 to 10 days after inoculation. Strains DC91-1 and DC91-2 formed large black necrotic lesions on pepper and tomato seedlings 4 to 5 days after inoculation and (Table 1) gave positive reactions, indicating that they were phytopathogenic xanthomonads. Thirteen Ontario bsx strains were compared with 16 representative vesicatoria strains from six countries by RFLP analysis with probes A (from the xanthomonadin gene cluster of X. campestris pv. campestris), B (from the hrp gene cluster of X. campestris pv. campestris), and C (a random fragment from the pLAFR3 library of X. axonopodis pv. vesicatoria 75-3) ( Table  2 ). Probe A failed to detect significant polymorphisms among strains; therefore, the results obtained with this probe were not considered further. Similarity coefficients calculated from all pairwise combinations ranged from 0% (for a pair of strains with no shared fragments) to 100% (for those exhibiting identical patterns). There was no obvious correlation between genetic similarities and places of origin of strains. For example, three of the four Ontario pepper strains were very similar (91 to 100%) to an Australian pepper strain and a Taiwanese tomato strain. The similarity coefficients of X. axonopodis pv. vesicatoria (group A) strains ranged from 56 to 100%, whereas those of X. vesicatoria (group B) strains ranged from 25 to 100%. In contrast, when X. axonopodis pv. vesicatoria strains were compared with X. vesicatoria strains, the similarity coefficients ranged from 0 to 27%. Based on these observations, Ontario bsx strains DC92-9RB, DC92-10RB, DC93-6, DC93-7, DC93-8, and DC93-9 most likely belong to X. axonopodis pv. vesicatoria, whereas DC93-1 probably is an X. vesicatoria strain. The highly virulent DC91-1 and DC91-2, as well as (51); "gardneri," a phytopathogenic xanthomonad of uncertain nomenclature (28) .
b Host and location on the dot blot in Fig. 4 . Genomic subtraction. A genomic subtraction technique (6) was used to enrich for sequences potentially unique to bsx strains. DIG-labeled denatured genomic DNA from bsx DC93-1 (probe strain) was hybridized with denatured unlabeled subtracter DNAs from Xe DC93-1, Xe DC89-1D, and Xe KK93-1. After one round of subtraction, the preparation was used to probe a Southern blot of PstI-digested bsx DC93-1 and Xe DC93-1 total genomic DNAs (Fig. 1A) . The subtracted probe hybridized preferentially to bsx DC93-1 DNA in the region of the Southern blot containing large PstI restriction fragments. Two fragments, F15 (15 kb) and F21 (21 kb), were missing from lanes containing Xe DC93-1 DNA (Fig. 1A, lanes  4 to 6) . When the Southern blot was stripped of the bsx DC93-1 probe and hybridized with DIG-labeled Xe DC93-1 genomic DNA, homology with F15 and F21 appeared to be weak (Fig. 1B, lanes 1 to 3) . DIG-labeled F15 and F21 were screened against PstI-digested genomic DNAs from randomly selected bsx and Xe strains (Fig. 2) . Both probes hybridized strongly to DNAs from three of four bsx strains but only weakly to Xe DNA.
Cloning fragments of F15 and F21. Southern blot analysis of PstI-and/or NotI-cut CsCl-purified plasmid DNA and total genomic DNA from bsx DC93-1 with DIG-labeled F15 and F21 as probes showed that F15 and F21 sequences were present on a plasmid (pBsxDC93-1) and that these two fragments may share sequences (Fig. 3) . The total size of the PstI, NotI, or PstI-NotI restriction fragments derived from this plasmid was 43.9 Ϯ 1.0 kb (data not shown). CsCl-purified pBsxDC93-1 DNA was digested with PstI and NotI and shotgun cloned into pBluescriptII KSϩ. Southern blot analysis of the resulting recombinant plasmids, which had been purified by CsCl centrifugation and cut with PstI and NotI, indicated that seven of the nine pBsxDC93-1 fragments cloned (KK450, 0.45 kb; KK700, 0.7 kb; KK1150, 1.15 kb; KK1750, 1.75 kb; KK2400, 2.4 kb; KK3500, 3.5 kb; and KK6000, 6 kb) contained sequences that hybridized to F15 or F21.
Specificity of the cloned F15 and F21 fragments for bsx strains. The seven fragments that had been cloned were DIG labeled and tested for the ability to hybridize to DNAs from 37 randomly selected bsx strains and 24 Ontario Xe strains (Table   FIG. 1. Southern blot analysis of PstI-digested bsx DC93-1 and Xe DC93-1 genomic DNAs probed with DIG-labeled bsx DC93-1 DNA subjected to one round of genomic subtraction (A) and Xe DC93-1 genomic DNA (B). Lanes 1 to 3, bsx DC93-1 genomic DNA (1, 0.5, and 0.25 g, respectively); lanes 4 to 6, Xe DC93-1 genomic DNA (1, 0.5, and 0.25 g, respectively). The 21-and 15-kb DNA fragments indicated are F21 and F15, respectively. X-ray film images were scanned into a PowerMac 8500 computer at 180 Mhz with 4 Mb of video RAM with a HowtekD4000 drum scanner. Plates were grouped and labeled by using Photoshop 3.0.4, with the resulting files output to a Tektronix Phaser 440 dye sublimation printer.
FIG. 2. Southern blots of PstI-digested genomic DNAs (1 g/lane) from bsx and Xe strains hybridized with DIG-labeled F21 (A) and F15 (B)
. Lanes 1, bsx DC93-1; lanes 2, Xe DC89-2B; lanes 3, Xe DC92-24; lanes 4, bsx DC93-8; lanes 5, Xe DC93-2; lanes 6, bsx DC92-13; lanes 7, Xe DC92-7; lanes 8, Xe DC92-1; lanes 9, bsx XV21. This figure was prepared as described in the legend to Fig. 1.   FIG. 3 . Southern blot analysis of bsx DC93-1 CsCl-purified genomic (1 g/ lane) and plasmid (0.5 g/lane) DNAs probed with DIG-labeled F21 (A) and F15 (B). Lanes 1, PstI-cut genomic DNA; lanes 2, PstI-cut plasmid DNA; lanes 3, NotI-cut plasmid DNA; lanes 4, PstI-NotI-cut plasmid DNA. This figure was prepared as described in the legend to Fig. 1. 3). KK1750 was the only fragment able to bind to the majority (94.6%) of bsx strains. When it was screened against 139 Xanthomonas, 16 Pseudomonas, 4 Erwinia, and 3 Clavibacter strains, KK1750 hybridized to DNAs from 46 of the 52 bsx strains (90.4%) assayed but not to DNAs from Xe strains or nonxanthomonad bacterial species frequently found on tomato plant surfaces, including the pathogens P. syringae pv. tomato and Clavibacter michiganense subsp. michiganense (Fig. 4) . Although they are highly virulent on tomatoes, two of the probenegative bsx strains, DC91-1 and DC91-2, had very low RFLP similarity coefficients compared with those of other bsx strains ( Table 2 ). The remaining four probe-negative bsx strains (MSU 1138, MSU 1140, MSU 1141, and MSU 1149), which were isolated in 1995 from tomato seedlings grown in Indiana and Michigan greenhouses, took longer to form lesions (12ϩ days) on tomato leaves than did the other bsx strains used in this study. The abilities of bsx strains to hybridize to the probe varied. When strains of known nomenclature (Table 1) were compared, most X. vesicatoria strains (12 of 13) bound strongly to the probe, whereas the majority of X. axonopodis pv. vesicatoria strains (11 of 14) exhibited weak binding.
Eight (Fig. 4, G5 , N4, N5, O1, O3, O8, P2, and P6) of the 44 non-bsx phytopathogenic strains included in this assay gave clearly positive, although weak, responses to the probe. These strains originated from various geographic locations and were not known to infect solanaceous hosts. They included X. axonopodis pv. phaseoli, X. axonopodis pv. malvacearum, X. axonopodis pv. citri, X. axonopodis pv. alfalfa, X. campestris pv. campestris, and a vasculorum strain (Table 1) . Very weak but nonreproducible signals were also obtained with X. hortorum pv. pelargonii 5-2-4 and 942 (Fig. 4, G7 and G8 ) and X. axonopodis pv. phaseoli 805 (G9). All of these strains were tested for pathogenicity on tomato seedlings, but only one, vasculorum strain FB570, produced typical bacterial spot symptoms. The gardneri strain XG101, which is serologically, physiologically, and pathologically related to X. vesicatoria strains (3), had no detectable homology with the KK1750 probe.
Detection of bsx strains in tomato and pepper plant lesions. Leaf and fruit lesions resembling bacterial spot were collected from three tomato fields (15 samples), three pepper fields (16 samples), and two pepper greenhouses (24 samples) during the 2  3  4  5  6  7  8  9 10 11 12  13 14 15 16 17 18 19 20 21 22 23 24 25 26  27  28 29   1  100 0  0 0  0  0  0 12  0  0  0  0  0  0  0  0  0  0 19  0  0  4 16 11  11  19  0  0  2  0  0 0  0  0  0 12  0  0  0  0  0  0  0  0  0  0 19  0  0  4 16 11  11  19  0  0  3   V   100 5  5  5 100 53  5  6  6  6  6 19  6  6  6  5 89  5  5 31 37 80  80  89  5 1996 growing season and screened for the presence of bacterial spot-causing pathogens by KK1750 lesion dot blot assays and the culture method of detection (CMD). The CMD consisted of streaking lesion eluates on Tween medium A, selecting colonies with typical vesicatoria morphology, and performing pathogenicity tests. Thirty-five samples were positive by both methods, nine samples were probe negative and CMD negative, eight were probe positive but CMD negative, and three were probe negative but CMD positive. The eight probe-positive and CMD-negative samples came from fields and greenhouses with confirmed cases of bacterial spot (probe positive and CMD positive). Purified cultures from the three probenegative and CMD-positive samples hybridized strongly to KK1750; thus, the blots for these samples, which were collected late in the season from mature field pepper fruits, may have contained excessive organic matter that was able to block hybridization to the probe. In most instances, however, 2-h digestion with proteinase K at 60°C (see Materials and Methods) prior to hybridization adequately removed cellular debris from nylon membranes. Genomic location of the KK1750 sequence in representative bsx strains. Genomic DNAs from 48 bsx strains and 3 Xe strains were resolved into chromosomal DNA and plasmid DNA by PFGE. Chromosomal DNA clearly separated from plasmid DNA and formed a distinct band in the upper portion of the gel for all the strains tested (data not shown). Except for strains ATCC 11551, DC91-1, DC91-2, and DC93-7, every bsx strain tested had at least one plasmid band. No plasmids were present in the three Xe strains. Southern blot analysis of PFGE-resolved DNA with DIG-labeled KK1750 as the probe indicated that sequences homologous to this 1.75-kb fragment were exclusively plasmid-borne in 5 bsx strains, exclusively chromosome-borne in 20 bsx strains, and present at both locations in the remaining 21 probe-positive bsx strains (the results for 20 representative strains are shown in Fig. 5 ). The probe did not hybridize with DNAs from the two bsx Ontario isolates DC91-1 and DC91-2 (Fig. 5A, lanes 4 and 5) , which is in agreement with the dot blot data (Fig. 4, A1 and A2, respectively). There was no obvious relationship between the genomic location of the probe sequence and host specificity or geographic origin. Although the 13 known X. vesicatoria strains (Table 1) had no common pattern with regard to sequence location, 10 of the 14 known X. axonopodis pv. vesicatoria strains carried the sequence solely on the chromosome. Several strains had two (in some instances, three) probe-positive plasmid bands; whether they represented different plasmids or different forms of the same plasmid was not confirmed.
DISCUSSION
The genotypic, phenotypic, and serological diversity observed among bsx strains on peppers and tomatoes (3, 4, 13, 32, 34, 49) has made the search for a rapid and reliable DNA probe-based method of identifying these pathogens very difficult. This study is the first successful attempt at using genomic subtraction to isolate sequences that distinguish these pathogens from other xanthomonads inhabiting tomato and pepper plants. The sequence that was identified, KK1750, is unique in that it hybridized to all of the strains tested of X. vesicatoria and X. axonopodis pv. vesicatoria, two taxa that share relatively low DNA binding values (51) . This sequence may play a role in pathogenicity or host specificity. KK1750 did not react with the atypical bsx Ontario strains DC91-1 and DC91-2 or with bsx strains MSU 1138, MSU 1140, MSU 1141, and MSU 1149. RFLP analysis demonstrated that DC91-1 and DC91-2 are genetically distant from typical strains of X. axonopodis pv. vesicatoria and X. vesicatoria. These strains are highly pathogenic not only for pepper and tomato plants but also for radish and cabbage plants and thus may be related to X. campestris pv. raphani, a pathovar with a host range that includes peppers, FIG. 4 . Dot blot hybridization with the DIG-labeled probe KK1750 of DNA released in situ from plant-associated bacteria. The identities and blot locations of the strains tested are given in Table 1 . bsx strains are in wells A1 to A5, A7 to D2, G1, J7, J9, K1 to L4, and N1; Xe strains are in wells A6, D3 to F1, G2, J8, L5 to M12, and N2. The following strains from other phytopathogenic xanthomonads reacted with the probe: N4, X. axonopodis pv. phaseoli Bxp18; N5, X. axonopodis pv. phaseoli Bxp98; O1, vasculorum strain FB570; O3, X. axonopodis pv. malvacearum X203; O8, X. campestris pv. campestris Xcc-1; P2, X. axonopodis pv. aurantifolii XC70; and P6, X. axonopodis pv. alfalfae X61. C11 is blank. This figure was prepared as described in the legend to Fig. 1 . tomatoes, and crucifers (21, 52) . These results are in agreement with the repetitive extragenic palindromic-PCR fingerprinting data of Louws et al. (32) , who found that DC91-1 represents a unique bsx genotype. The MSU strains are also not typical bsx strains in either their tomato plant symptomatology or their genomic fingerprint patterns (30) .
Although KK1750 did not hybridize to DNAs from Clavibacter, Erwinia, Pseudomonas, or the Xe strains that are common to tomato leaf surfaces, it did react with a small number (eight) of phytopathogenic xanthomonads outside the X. axonopodis pv. vesicatoria and X. vesicatoria taxa. One of these bacteria, a vasculorum strain of uncertain classification, formed typical bacterial spot symptoms on tomato. With the exception of X. campestris pv. campestris Xcc-1 (DNA homology group 15) and X. hortorum pv. pelargonii 5-2-4 and 942 (DNA homology group 2), all remaining strains belong to the species X. axonopodis (DNA homology group 9) (51). Because the response to KK1750 was weak, only a portion of the KK1750 sequence may be present in these eight xanthomonad strains. Experiments are in progress to determine the extent of the homology between these strains and the KK1750 sequence.
RFLP analysis revealed that bsx populations in southwestern Ontario are a moderately polymorphic group; some isolates, such as probe strain DC93-1, are more closely related to Australian and New Zealand strains than they are to other Ontario tomato strains. The Ontario pepper isolates appeared to be strains of X. axonopodis pv. vesicatoria, whereas the tomato isolates were a collection of strains from both taxa. As noted previously (3, 32, 49) , polymorphisms within X. axonopodis pv. vesicatoria strains were less complex than those within X. vesicatoria strains, indicating that X. vesicatoria consists of a more heterogeneous collection of strains than does X. axonopodis pv. vesicatoria. Differences between X. axonopodis pv. vesicatoria and X. vesicatoria strains were also noted with probe KK1750 and by PFGE analysis of total genomic DNA. Although each of the 14 known X. axonopodis pv. vesicatoria strains included in this analysis had at least one plasmid, the probe hybridized exclusively to chromosomal DNA for 11 of them. In contrast, 11 of the 13 X. vesicatoria strains assayed had plasmid sequences homologous to the probe and 8 of these 11 also had copies of KK1750 on the chromosome. Variation in KK1750 copy number may be one explanation as to why some strains gave weaker hybridization signals than did others. The presence of more than one copy of KK1750 in a strain suggests that this DNA fragment contains a repetitive element. Repetitive sequences, which are relatively common in prokaryotes, have the potential to translocate DNA between replicons and may be present in multiple copies on a plasmid, the chromosome, or both replicons (15) . However, recent sequencing data from our laboratory (26) demonstrated that KK1750 has no homology with any of the repetitive sequences that have been sequenced, including IS476, the insertion sequence found in copper-tolerant vesicatoria strains (24) . Furthermore, it bears no resemblance to any of the sequenced Xanthomonas avirulence (avr) genes, several of which are plasmid-borne, bound by repetitive elements, and present in multiple copies (27) .
Some bsx strains, such as DC93-1 and DC92-23, which on conventional horizontal agarose gels appear to harbor a single 44-kb plasmid, had two probe-positive plasmid bands on PFGE gels (Fig. 5 ). Cuppels and Ainsworth (8) reported similar results when a DNA fragment from the coronatine gene cluster of P. syringae pv. tomato DC3000 was used as a hybridization probe against PFGE-resolved plasmid and chromosomal DNAs from coronatine-producing P. syringae strains. Using PFGE analysis of DNase I-digested supercoiled plasmid DNA, they were able to verify that the upper and lower bands were in fact the supercoiled and open circular forms of the same plasmid. It is likely, therefore, that the two probe-positive bands observed in some of the vesicatoria strains are also two forms of the same plasmid molecule.
In summary, genomic subtraction proved to be an effective method to enrich for sequences that discriminate X. axonopodis pv. vesicatoria and X. vesicatoria strains from other bacteria commonly found in association with tomato and pepper plants, including Xe strains. The lack of cross-reactions between KK1750 and these bacteria and its presence in all the X. vesicatoria and X. axonopodis pv. vesicatoria strains tested (Fig. 4) indicate that this fragment is a useful diagnostic tool for detecting these pathogens on symptomatic plants. In a survey of field-and greenhouse-grown plants with bacterial spot-like symptoms, the KK1750 lesion dot blot assay, which identified presumptive bacterial spot lesions within 36 h, was 80% in agreement with the traditional CMD. KK1750 should also prove valuable in studies requiring quantitations of pathogen populations in environmental samples or in situ detection of pathogens on plant surfaces. Future work in our laboratory will focus on the development of a KK1750-based PCR assay, determining the role of this sequence in pathogenicity, and the isolation by genomic subtraction of sequences specific for the xanthomonad pathogens of tomatoes and peppers that do not belong to X. vesicatoria or X. axonopodis pv. vesicatoria.
